The set of sensor kinase YycG and response regulator YycF is the only essential twocomponent system (TCS) in Bacillus subtilis and Staphylococcus aureus. We have developed a screening method for antibacterial agents that inhibit YycG, the essential histidine kinase (HK). To increase screening sensitivity, a temperature-sensitive yycF mutant (CNM2000) of B. subtilis with super-sensitivity to HK inhibitors was constructed, which was used for the screening of acetone extracts from 4000 microbes. A total of 11 samples showed higher sensitivity to CNM2000 than to wild-type parent 168, and seven of those were characterized to be potent inhibitors against autophosphorylation of YycG. One sample compound was purified and identified as aranorosinol B, a known antibacterial agent against Gram-positive bacteria including B. subtilis and S. aureus. Aranorosinol B inhibited YycG from both B. subtilis and S.
The rapid emergence of antibiotic resistance in pathogenic bacteria has underscored the need for an accelerated approach to the discovery of new antibacterial agents. Bacterial genomics, bioinformatics and gene manipulation studies have led to the discovery of novel protein targets for antibacterial agents1). For instance, the two-component regulatory systems (TCSs) of bacteria, which consist of two proteins, histidine kinases (HKs) and response regulators (RRs), have received increasing attention for their potential as novel antibacterial drug targets for the following reasons2-4). First, TCSs are essential for coordinated expression of stress-response genes including those for virulence factors. Second, some TCSs regulate the expression of antibiotic resistance determinants including drug-efflux pumps5-7). Third, protein-histidine phosphorylation in the signal transduction pathway in bacteria is distinct from serine/threonine and tyrosine phosphorylation in higher eukaryotes. Finally, the high degree of structural homology in the catalytic domain 
Plasmids
The plasmids used in this study are listed in Table 1 . To obtain the cytoplasmic domain (Arg204 to Gln608) of YycG from S. aureus 209P13), a 1.2-kbp fragment containing yycG was amplified by PCR using genomic DNA as the template, SAGF-2 (5'-AGGATTCTTTGGATCCCGAACGATTACC-AA-3') and SAGR-2 (5'-TTTAATATGCTGCGGCCGC-TTCATCCCAAT 3') as primers and Ex Taq DNA polymerase (Takara). This fragment was digested with BamHI and NotI, and ligated into pET-21a (+) between BamHI and NotI sites to obtain pYycGSa.
To construct pHKs (Table 1) , DNA fragments containing the cytoplasmic region of HKs were prepared by PCR using genomic DNA (E. coli W3110) as the template and a pair of primers (supplemental data shown in http://www.nara.kindai.ac.jp/nogei/seiken/primers.html). The PCR-amplified fragments were inserted into pET21a (+) to generate pHKs (Table 1) .
Construction of B. subtilis CNM2000 pBY33 containing B. subtilis yycFG18) was digested with BsgI and then blunted with T4 DNA polymerase (Toyobo) (Fig. 1) . A fragment Cmr cassette digested with SmaI from pBEST4C was ligated into the blunted site of pBY33 to construct pBYC1. In addition, a fragment Nmr cassette digested with XbaI from pBEST501 was ligated into the SpeI site of pBYC1 to make pBYCN1. The H215P mutation11) of yycF was generated by PCR using QuikChangeTM Site-directed Mutagenesis Kit (Stratagene), pBYCN1 and the primers YMlF (5'-GACAACCCGAGC-CCTCCAAATTGGATCGTC-3') and YMlR (5'-GACG-ATCCAATTTGGAGGGCTCGGGTTGTC-3') to obtain pBYCNMl. After pBYCNMl digested with BamHI was transformed into B. subtilis 168, a is strain (CNM2000), as a chloramphenicol-resistant and neomycin-sensitive strain.
Purification of YycF, YycG and HKs B. subtilis YycF and YycG, S. aureus YycG and E. coli HKs were purified as His6-tag proteins as described previously18).
Bioassay
In order to search for HK inhibitors, the acetone extracts of 4000 microbes were spotted on Trypticase Soy (0.75%) agar (1.5%) plates that were overlaid with 3ml of top-agar selected the samples that inhibited growth of CNM2000 more strongly than that of 168. 
Determination of IC50
All the phosphorylated products were separated by using Isolation of Aranorosinol B from Gymnascella dankaliensis An antibacterial substance was extracted with acetone from the culture broth of G. dankaliensis grown for 4 days glucose, 6% corn steep liquor, 1% cotton seed meal, 1% soy bean powder, 1.6% KH2PO4, 1.2% Na2HPO4) after (2% corn starch, 1% glycerol, 1% sucrose, 1% cotton seed meal, 1% gluten meal, 0.2% Tween 80). The acetone extract was passed through a column (100ml) of DIAION HP20 (Mitsubishi Chemical Co., Ltd.). The column was washed with 50% aqueous methanol (300ml) and eluted with methanol (500ml). The eluate was diluted with an equal volume of water and passed through a column (350ml) of YMC-GEL (ODS-AM120-S50, YMC Co., Ltd.). The column was eluted with 60% aqueous acetonitrile. The eluates were assayed for antibacterial activity and monitored by analytical HPLC. The active fractions containing antimicrobial substances were combined and diluted with an equal volume of water and passed through a column (350ml) of YMC-GEL. The column was eluted with 55% aqueous acetonitrile. The active fractions were concentrated in vacuo to dryness and dissolved in a small amount of chloroform. nHexane was added to the solution and the mixture was allowed to stand at room temperature to obtain the precipitate of the active substance. The active substance was obtained as a white We examined the sensitivity of the B. subtilis CNM2000 mutant to cefazolin, amikacin, vancomycin, erythromycin, ofloxacin, and NH127 (3-benzyl-l-lauryl-2-methylimidazolium iodide)9,18). The growth of CNM2000 was found to be more sensitive than that of the B. subtilis wild-type 168 to only the antibacterial agent NH127, an HK inhibitor (Fig. 2) . B. subtilis YycG was inhibited by NH127, but not by cefazolin, amikacin, vancomycin, erythromycin, and ofloxacin (Fig. 3) . Furthermore NH127 inhibited autophosphorylation of YycG from both respectively ( Fig. 4A and 4B ) although MAP kinase was not affected under the same conditions at all (Fig. 4D ).
Phosphotransfer from phosphorylated YycG to YycF of B.
subtilis was also inhibited by NH127 with the IC50, of
Isolation and Characterization of Natural Antibacterial Agents That Inhibit YycG Histidine Kinase
Since the B. subtilis mutant CNM2000 with YycF (H215P) mutation is highly sensitive to the HK inhibitor NH127 (Fig. 2) , we used this strain for the screening of YycG inhibitors. For this purpose, acetone extracts from 4000 microbes were used in a bioassay of CNM2000 growth. A total of 11 samples showed greater activity against CNM2000 than strain 168. Seven of those samples significantly inhibited the autophosphorylation activity of (A) NH127 was bioassayed using 168 (left) and CNM2000 (right) as described in the text. One spotted on Trypticase Soy agar plates containing 168 or CNM2000: 5000 (1), 500 (2), 50 (3), 5.0 (4), 0.5 (5), 0.05 (6).
(B) Cefazolin (1), amikacin (2), vancomycin (3), erythromycin (4), ofloxacin (5), and NH127 (6) were bioassayed using 168 (left) and CNM2000 (right) as described in the text. Table 2 together with those of aranorosinol B.
The data observed were in good agreement with the reported values within the range of experimental errors, identifying WF140196 as aranorosinol B (Fig. 5A ). The purified aranorosinol B inhibited the autophosphorylation of YycG from both B. subtilis and S. aureus with IC50 of also inhibited phosphotransfer from phosphorylated YycG 4C). As expected, the mutant CNM2000 was more sensitive to the purified aranorosinol B than the wild-type strain 168 Table 3 . A group of sensor kinases including CheA, CpxA, DcuS, PhoQ, and TorS were more sensitive to NH127 than to aranorosinol B, while other groups such as EvgS, UhpB and YedV were more sensitive to aranorosinol B than to NH 127. These results suggested that the relative activities of these two agents against the different groups of sensor kinases could be a basis for their different antibacterial properties.
